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ABSTRACT

An experimental investigzsticon was conducted to determing
the feasibility c¢f using catalytic reduction of NI, emicsicrcz
from & typical Jet engine combustor in the test cel:l

envirenment. A mcodified T-63 combustor in combinaticn with an

_ube  containinzg

m

instrumented 21 foct augmernteticn

c

vermiculite catalyst was used. Several methods for containin

3
W)

the vermiculite were attempted. Both vermiculite and
rermiculite which had beer cozted with thiourea were usec. Up

t¢ 19% reduction in NO, concentrations was obtained using the

vermiculite coated with thiourea, however the pressure 1loss
across  the catalyst bed was measured to be 3¢ irn. H.C. The

technicues used proved ineffective and unacceptable for gas
urbine engine test cell applicaticns. Tests were conducted
rg both Wynn’s W-15\590 and Catane TM (ferrocene) fue:
supplements in order to determine their effectiveness for
soot reducticn and whether or not the exhaust plume could be
changed. For the test conditions utilized, the Wynn’s
additive was not effective in reducing the cpacity of the
erhaust plume, nor for reducing the exhaust plume temperature.
The Catane TM reduced the opacity by 6.2%, but &also had no

sigrnificant effect c¢cn the plume IR signature.
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I. INTRODUCTION

Comb ion-generated pollution of the environment freom the
creration c¢f gac turkine engines comes 1in many forme.
large volumes of noxicus gases and particvlates generated by
thcusands ¢f gas turbine engines worldwide can upse: the

environment 1f controls are not instituted.

The major sources c¢f air pollution are listed Lelsw
(Ref .1l
* Soct ¢r smoke from the carbon in the fuel that was unac’e
tc fully burrn in the combuster.

* Unburned hydrocarbons (UHC) from incomplete combusticn.

en (IC , @ maliority of which corme
atmesphere in the presence cf oy
<

'y
Ir
-

s a’l

Q w

* Carbon monecxide (CO) resulting from incomplete combusticr

des of sulfur (S0O,) which come almcst entirely from
fur present in the fuel,

(L
=
&
[@]
oy

Scct cr smoke 1s the most obvicus pollutant an

effort has been made to control concentration and particulate
cize, CC and UHC levels are controlled when the encine is
operated efficiently near stoichiometric limits.

Urfortunately, as can be seen from Figure 1, this is &also

where the levels of smoke and NO, increase [Ref.l].

PR




environment but als> to the engine. &2, combines in the
atmosphere to form sulfuric acid which is damacina 17 ti.
envircnrnent and to internal engine parts. Howewver, 1t is
pessible to remove the sulfur in the refining process an

MILEPET ¢ reguiire less than 0.1 % sulfur by mass in jet fue.

vt control the effecte of sulfur. Because ©f these eoficrte
S, roilution from gas turbines is minimal.
S ¢ ot s 1z e and
concenlratic has been
Enmussions
stutiledd oxtensively abt  the | i ne,
| R Fostgreaduzte Schozl \\\ |
b Smake
{ N
trefo, 2 ard 3] ana by \\\
PN
St N -~ h) . 4 } N i l \
|
Thoe Environmental ] ~ CO
P \ e
Frotection Ahgency has written . o
lde Blaxim gm
. ' poweer
gzals for commercial engine
' |
manufacturers concerning Figure 1 Emissioconecs

, Characteristics of Gas Turbine
erigssions  and  these dgoals Enqgines

ave beern generally met.

Military engines are exerpt from these requirements when
opera~ed on an ailrcraft. However, it has been determined that
endines operated in a test cell are subject to the emissions
requlations applicable to a stationary gas turbine power

plant. A typical Naval Aviation Depot (NADEP) runs an engine




for five to six hours before it is approved for use in an
aircraft.

In Northern California, the Bay Area Air Quality
Mznagement District closely monitors emissiorns from fisxed
scurces in its jurisdicticn. NO, emissions are limited tc 1850

lbs/day for existing sources and new sources are limited tc 1€

ppm. Socting limits are any concentration exceeding one on
the Fingleman sczle for greater than 37 minutes. There is a
wide variety ©of additives available on the market. &% this

O
O
ot

tome the U.S. Navy at NADEP Alameda uses Cerium Hex Cem g

t

o

supressing additive when testing the T-56 engire. Bt th
United Airiines test cells at San Francisco Interratiorzl
Airport, DTG-Z, a barium based chemical, is used to control

the scoting of turbcjet engines. These metal based additives

are usuaily effective in controlling the soot but there are

* They tend to form deposits in the engines, conseguently
their use 1is time limited.

* They are aggressive chemicals that can cause damage to the
seals in the engine.

* Some additives (in particular barium and manganese based)
are tozic and may have long term effects worse than the
soo0t itself. [Ref. 1 and 5)

Fcr these reasons it 1is hoped that an inexpensive
additive can be found that does not contain metal and will

reduce sooting. Wynn’s W-15/590 claims to be one such

product. In addition to soot reduction, the additives can

(@8]




increase the combustion efficiency in some types of engines.
The effects of these additives on the exhaust IR signature ic
unknown.

NO, is produced to a certain extent in all combustion that
reaches at least 3200 R. It is largely independent c¢f the
fuei and solely dependent on the flame temperature 1in the
primary zone. The production is by the following reactions at

a very fast rate [Ref. 6]:
O+ N, = NO+O
and

N+ O,»NO+ O

be contrclled. Therefore, the only way t2 red:c. the NI, 1

to change the combustion temperature with staged burninz o

LR}
b

water injection [Ref. €], cr treat the entire exhauz:s
with a scrubber or absorber systen [Ref. 7].

A scrubber system would nct be the best chcice f{r: =z
treatment system because of the complexity c¢f reqguired
plumbing. It was discovered in a U.S. Air Force funded suudy
that in laboratory conditions it is possible to remove up to
96% of the NO, from a combustion stream using the cataiytic
and adsorbing properties of vermiculite [Ref. §].

Vermiculite 1is an inexpensive silicate with the formula

M3,51,0.-(0OH), * xH,C. It 1is related to mica and talc and has




S

the unigue property of expanding upon heating up to 30 times
criginal wvolume. It 1is non-toxic and frequently used in
potting soil and as an insulator in the building industry

[Ref. 9]. 1Its catalytic propertifs are not well understood.

£,

Catalytic reduction of NO, is a much studied prcblem in

industry. Typically commercial Selective Catalyst Reducticn

wn
(@]
7
o7

eds are constructed of precious metals or natural and
manrade zeolites. Mobil 0il Corp. makes one such catalyst

ZSM-5 [kRef. 10]. These SCR’s require ammonia injection in the

~

(t

@zic of orne-to-one on a molal basis with NC, When combined

>
',J,
t
vy

cembustion chamber water injection these SCR beds are

-
(

arle to achieve 85% reduction 1in exhaust flow NQC,
concentratiorn.

While this 1installation works well for steady state
ccmmercial operations, it is not believed the precise control
cf ammonia injection would be possikble with the rapid throttie
movements necessary in engine test. If too little ammonia is
injected the KO, 1s not reduced and if too much ammonia is
injected it passec through the SCR unused and is called
"slip". In addition, the efficiency of the reduction of NO,
with ammonia in a SCR is very temperature dependent.
Typically the SCR bed must be maintained at a constant 700
deg. F.

The following goals were set as achievable within the time

available for the present investigation:

o




Acguire vermiculite catalyst and chemicals that seemned
likely to produce the best results in typical engine test
cells.

Redesign the catalyst containment to eliminate the large
pressure drop associated with the existing design.

Measure the effectiveness of various catalyst bed depths
and chemical coatings on reduction of NO, and CC.

Compare the effectiveness of Wynn’s W-15/590 additive to
Catane TM (ferrccene) for soot emission reducticr.

Evaluate the effects of W-15/5%0 and Catane TM (ferrocene)
on the exhaust plume thermal distribution.




II. EXPERIMENTAL APPARATUS

A. COMBUSTOR

The producticn ¢f combustion gases was accomplished using
an Allison T-63-A-5A gas turbine combustion chamber as
modified by Grafton [Ref. 11]. The modifications included the
aaditicn of a quench manifold to simulate the temperature drcrp
resulting from work extraction of the gas producer turbine and

thc pcwe turbine. In contrast to Behrens |[ref. 12]

ke

investigation, during the NO, portion of this research the

3

-

guench was not used. This was done to prolong the high
temperatures of the primary zone and boost the production of

N

The guench was used in the soot studies to help quench the
soot formed, and prevent its combusticn. The quench air was
supplied from the main air line through a sonic chcke (D =
0.242 in.) sized to provide (0.5 lbm/sec flow with a minimum
pressure o:f 475 psi from the main air line.

Pricr to initial runs all connections were checked for
security, and filters and ignitors were cleaned. Optical
windows were cleaned prior to each run. A gas bottle of
rnitrogen was connected to a portion of the existing purge

piping to flow across the windows and ensure they did not

~J




obscure with so20t. Tabl

m

I is a 1ist of operating parametersc
for the T-€¢3 au sea level standard conditions.

TABLE I T-63 OPERATING SPECIFICATIONS [Ref. 13]

Rating f ﬁm, ﬁme; 7.
|
1b/sec 1b/sec deg F :
!
Takeoff 0.01¢ 3.17 0.0¢61 13280
Military ¢.017 3.04 0.053 128¢
90% ¢.017 2.95 0.049 122¢
|
75% ¢.015 2.82 0.043 11438

Nc-e: compresscr pressure ratio= 6.25, Pc=92 psi,

ry
n

engine length= 4C.4 in, width= 19.0 in, weight= 138.7 1

height= 22.% ir. Military power limited to 30 min.

B. AIR SUPPLY

Compressed air to run the combustion chamber was supplied
by a bank c¢f air tanks pressurized to 3000 PSI (Figure 2).
These tanks were filled between runs by compressors with an
ailr dryer. The air supply could operate the T-63 combustor at
the Military power level for approximately 7 minutes.

4 pneumatically powered, dome loaded pressure regulator
was operated from the control room to regulate the air
pressure through the sonic chokes. he temperatures and
P

ressures were read by the HP computer system and used to
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compute the air mass flow rate.

C. FUEL SUPPLY

-

Metered fuel was supplied to the combustion chamber

{

through the fuel atcmizer in the top ¢of the chamber (Figure
2). The 2C gallor fuel tank was pressurized with nitrogen and
the flow rate was contrclled using a throttle valve in the
control room. The turbine flowmeter signal, in gallons per
minute (GPM), was read in the control room at a digital

display and alsc recorded by the data acguisition system. The

[
o3}
29

roperties c¢f the fuels employed are listed in Tarle II. The

e}

th

dditives were injected into the fuel line in a mixinc

o8}

aa o~
ue L
chamber at the specified concentration via two Eldex additive
pumgs. These pumgps were operated from the contrcol room and

a.lowed isolation of the effects of the additive.

TABLE II PROPERTIES OF FUELS [Ref. 3]

Properties of Fuel NAPC 3 NEPC 4
API Gravity € 15 deg C 41.3 41.¢
Distillation IBEP deg C 171 180
Temperature recovered 10% deg C 192 202
Temperature recovered 20% deg C 203 210
Temperature recovered 50% deg C 227 228
Temperature recovered 90% deg C 261 264
End Point deg C 27¢ 282
Residue ml 1.4 1.4
Less ml 0.1 0.5

| Composition Aromatics volkz, max 22.8 18.6

10




Prcprerties cf Fuel NARPC 3 NAFZ 4
Clefins Vol 0.75 0.75
Hydrcgen content wt® 13.66 13.82

Smoke Point mo 20.0 21.0

Aniline-Gravity Prod. 5811 6140

Freeze Point -24.0 -34.5

Temperature € 12 ci: deg C -35.¢ -Z1.7 |

Viecosity € 37.86 deg C cic 1.€2 1.74

|

D. TEMPERATURE AND PRESSURE RECORDING

Nine thermoccouples and four pressure transducers werc

re =l o the Hewlett-Fackard (HP) 30544 Lata
Azguicsition/Control Unit (DACU). The computer read the data
and made calculations for output during hot runs. All

thermocouples were Chromel-Alurmel (Type F¥) and the computer

was programmed to ccnvert analog readings to temgeratures for
printout. Table II1 provides the acquisition channel nurhers

znd parameters measured:

TABLE III DATA ACQUISITION CHANNEL KEY

Parameter DACU
Chean
No.
P, main air pressure 24
P. combustion chamber pressure 23
P,. heater fuel pressure 22
P, heater make up oxyaen 21
T, main alr temperature 60




Larameter ACT
Chan
No.
T. . combuszor air inle- 1
T, compustcr exhaust upstream quench €z
T..- combustor exhaust downstream quench €3 f
1
T. heatcer make-upr cxuyaen €4 |
~~ ~ -~ c .
T.. heate:r fuel temperature €5
i
T,... augmentcr tenr upstrean € :
o~ !
T, .+ @ugmentcr termy duwnstrean S
~ !
. - s -
| P,..:; a@augmentor tem wnstre: > l
The steel augmentor tube ac described by Behrens [kel. L.
wxzes uses fcr preliminary runs It w&s then mcdifled to tle
ccnilouraticn shown in Ficures 3 and 4 The verticel pcrTicr

intc different bed screen spacings anc partially filled with
vermiculite. This method was chosen to eliminate tc the
maximur  extent possible the pressure loss due to the
verriculite in tie crxhaust flow. The catalyst basket used by
Bet.rens [Ref. 12] was split in half and formed the top and
bottom ¢f a variable distance fluidized bed in the e=xhaust
flow for the wvermiculite, Inside the augmentor tube a

deflector plate was installed at 45 deg. at the tube bend to




help “urr the flow. The deflector plate was sized a0 that it

did not restrict the tube cross section.

Figure 3 fhotcaraph of Augmentor Tube

i blisckirs plate was attached to the frent cf  the

Auarent oy tate . The cperding of the plate could pe adiuetod * =~

reJuliate the oanoant of aguamentation air entrained witl fie
entire oxbianct . oand therely chanage the auamentat icn rat i

(Fiaare oy In these experiments the five inch diameter

CROenITTT o wan ot var o

ety s i of the ¢ v 2l ma5s flow Lhiroanh Ehe avamonscor
turee war Gty ressuring the velocity profile andd s
temparn: v L o nor oy drioe travercing pitet —ctst i cyaten
(Fidure 0 war ool C4 inches urnotream of the tarning
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Figure 5 Deternineation of Augmentaticn Ratio

F. OPTICS

1

1

(0

Th:2 transmittance measurements were made wi*h a sin:

16

as=r throuzl the combusti-n chamber to a photodiode target.

iransrittance was measu:r ° at several locations throuch the
exhanst streamn. It was decided to use the forward most

cptical ports with purge tubing in the aft combustor can since

cffered the most observable transmittance measurements.

s

The diode output signal was amplified and recorded on a s:rip
chart recorder in the control room. The source was a 0.6328
micron heli.m-neon laser operating at fmW. A 50% narrow band

pass filter was used to reduce th. adverse effects of ambient
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Figure 6 Photograph of Pitot-Static Traverse

G. INFRARED MEASUREMENT EQUIPMENT

Infrared measurements cof the gas temperatures were made
using an Agema real time thermal imaging system. The scanner
was equipped with a 20 deg field of view lens and three filter
settings for use in different thermal ranges (Figure 7). The
surface of the cbject was scanned 25 times per secont,
producing a TV-like image. The detector was thermo-
electrically ceooled and a built-in black body source provided
a reference for self calibration. The scanner operated in the
short wavelenath band (SWB) of the middle IR spectrum between
two and 5.€ microns wavelength. The picture produced had 280

lines per frame with 100 elements/line. Temperature accuracy

16




was better than + 2 C. The Noise Equivalent Temperature

Difference was 0.1° C at 30° C.

fiaﬁie 7 Photograph of IR Scanner

Scanner images were processed by a dedicated Compaq 286 FC
with CATS E software and hardware. The software gave the
standard 40 Mb hard disk the capability to store 930 IR
images. These images could be either single shots, rapid
sequences or integrations over a period of time. The software
offered many features for post run analysis. These included:
subtraction of one imaae from another, magnification, relief,
and an auto scaling feature. Complicated keystroke sequences
could be stored in macro programs to be run during the short

test rune. Correnct temperature display required knowledge of

17




the emissivity of the object viewed. The CATS E scoftware
offered calculation of the emissivity of complex emissivity

distribution £ -=nes.

H. GAS ANALYSIS EQUIPMENT

Gas samples were taken both upstream ard downstream of the
catalyst tc Zetermine ‘ts effectiveness. Ihe upstream sample
was taken from the c- er of the augmentor tube eight inches
downstream ::om the cpening. This 1location precluded any
ambient air from diluting the ;ample. The downstream samgple
location was taken 12 inches above the top catalyst screen.
L three-way solenoid valve operated from the control room
ailowed choice .f sample location.

The sample line heater mentioned in Behrens [Ref. 12]
malfunctioned ¢ 1ing early runs. t was determined by testing
thet the NO, readings were not affected.

1. Model 900 Heated Sample Gas Dilution Unit

Sample gas was drawn by vacuum pumps into the Thermo
Environmental Model 900 at 1.3 SCFH, and mixed with dilution
air at a z ! ratio. The sample was heated and filtered and
then sent to the Model 10AR and Model 48 [Ref. 14]. Figure 8
is a schematic for the sample flow path.

2. Model 10AR NO/NOX Analyzer

The conditioned and diluted sample was fed through
teflon tubing to the Thermo Environmental Model 1CAR NO/NO,

Gas Analyzer. The Model 10AR was capakle of continuous
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Figure 8 Schematic of Samplile Gas Flow
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readings of nitric oxide (NO) or a mix of oxides of nitrogen
(NO + NO, or NO,). The analyzer read in ranges from 2.5 to
10,000 parts-per-million (ppm) and had a sensitivity of .1
ppm. All readings were corrected for the dilution ratio to
get the true raw sample concentration.

The c¢perating principle for this analyzer is the

chemiluminescent reaction of NO and ozone (0;), namely

NO + 0O, = NO, + O,

The analyzer first converted all the sample gas NO, to NO
through a thermal NO,-to-NO converter. Then the analyzer
mixed the NO with ozone from an internal generator. The
resulting chemiluminescence was measured on a photomultiplier
(PM) and was read on the dial. The output of the PM was
linearly prcportional to the NO concentration [Ref. 15].
3. Model 48 CO Analyzer

A portion of the output from the Model 900 went to the
Model 48 CO Analyzer. This analysis was made using non-
dispersive infrared absorption techniques. While the output
was non-linear, it was linearized using stored calibration
curves from computer memory [Ref. 16]. The analyzer was
accurate to 0.1 ppm and read from 0.1 to 1000 ppm. Like the
Model 10AR, readings were multiplied by 20, the dilution

ratio, to get the raw sample concentration.
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I. CONTROL ROOM

The contrcl room was located adjacent to the test cell
with the T-€63 combustor and had two windows for viewing the
tests. All controls for operating the fuel, air, additive
vumps, and gas sampling equipment were located there. The
only changes made since Behrens investigation [Ref. 12] was
meving all calibration and zerc gases outside the control room

and plumbing them to the analyzers.

J. DATA COLLECTION

Data acquisition and reduction was accomplished by the
Hewlett-Packard HP-3054A automatic data acquisition/centrol
system located in the control room. The test data was
contrclled by a program (Appendix A) written in HP Basic 5.1.
The program was stored on the hard disk and included
subroutines for calibration of transducers, set up cf gas
flows, and reduction of hot run data. Transmittance data and
gas concentrations were taken directly from the strip chart

recorder and analyzers respectively.
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III. EXPERIMENTAL PROCEDURE

Calibration o¢f all eguipment was standard operating
procedure before all data runs. A checklist (Appendix B) was
used to ensure no critical items were forgotten. Appendix C
was developed to ensure the gas analyzers were reading

accurately.

A. NO, REDUCTION STUDIES

For NO, studies, the gas analyzers were calibrated with
zero and span gases in accordance with References 14-1¢6. The
Model 10AR reguired a zero gas ~*f less than 0.1 ppm NO, and
a span cas with 220 ppm NO in nitrogen. The Model 48 was
calibrated with a zero gas containing less than 0.1 ppm CO and
a span gas with 104 ppm CO in air. Since both analyzers
received sample air which had been filtered and diluted at a
20:1 ratio, the meter reading required a factor of 20 to get
the raw sample concentrzticn in pph.

The program "T63NOX" (Appendix A) was written in HP BASIC
and used to collect data. It contained a calibration routine
which was used prior to data runs to calibrate the pressure
transducers. With known pressures on the transducers, new

calibrat._.on constants were calculated and entered into the

program for data reduction.
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The augmentor tube velocities were calculated using a Kiel
probe measurement o©of total pressure and a wall port
measurement, at the same station. A slant tube manometer read
the difference. A built-in level was used to assure accurate
readings to within 0.01 inches of H,0. Probe position was
measured with a linear variable differential transformer
(LVDT) and output to a strip chart recorder in the control
rcom. Catalyst bed pressure loss was measured with a U-tube
manometer filled with dyed water. To allow safe rewmote
readings, & video camera relayed both manometer readings to a
monitor in the contrel room.

After completing the run checklist (Appendix B), gas
analyzer checklist (Appendix C), and all equipment was set
for a run, the combustor was ignited. The combustor was
operated in accordance with Table I at fuel to air ratios of
f = 0.017-0.019. Once a steady operating condition was
reached, the data acquisition program was activated and the
conditions were not changed for the duration of the run. The
Kiel probe was traversed across the augmenter tube and the
pressure readings recorded.

Run times were usually five to six minutes. The gas
sampling was started upstream of the bed and lasted long
enough for the NO, and CO concentrations to stabilize. This
typically took two Oor three minutes. The downstream sample was
then taken for the balance of the run. When the

concentrations stabilized, the readings were taken.
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It was desired to conduct several runs using vermiculite
coated with different chemicals which had been successful for
Nelson [Reference 8]. The coating process for the vermiculite
involved wetting the vermiculite with water and then mixing in
thiourea. The thiourea was mixed 20% by weight. After
thorough mixing, the vermiculite was spread in pans and
baked cvernight at 120° C.

Vermiculite is available in several grades. A-6 (extra
coarse) is the largest with an average size of 3/8 in. Coarse
averages 1/4 in (Figure 9). A metnod to reduce pressure loss
of the bed discovered by Behrens, was to use larger size
catalyst. While it had been reported [Reference 8] that A-6
grade was not as effective at NO, reduction as the coarse
grade, it was felt that the larger size would offer the least
pressure loss. A-6 grade was the largest grade available and
is more difficult to acquire. Extra coarse perlite (sodium-
potassium-aluminum-silicate), as evaluated by Behrens, was

unavailable.

B. ADDITIVE STUDIES

During the additive studies, prior to each run the Eldex
additive pumping rates were set against a back pressure of 100
psi to simulate the fuel pressure in the line in the mixing
chamber. The pumping rates for the pumps were measured using
a graduated cylinder over a known time. As a final check of

additive pump rate, the level of the reservoirs were measured
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before and after each run and the rate was calculated from the
time of pump operaticn. The additive pumps were controlled

from the control room.

ure 9 Photoaraph of Grades A-6 and Coarse Vermiculite and
lite

vl |
D e
"~ Q

The laser was used to measure changes in transmittance
durina the additive studiec, 1t was securely mounted an-i
aimed thrcough the forward window in the aft combustor can a*®
the phctodiods taraet (Fiagure 10). The aliagnment c¢f the

rheotedinde was adincted for maximum power out and read on a

1

trip chart in the control reocrm, Frior to settina air flow

I

rare

n

or engine cperation the window purdge was turned on to

prevent and lnnese ennr frem lodaing on the windows,
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Figure 10 Photogiaph of Laser and IR Measurement Equipmert

-

I measte the effects of the additives on the the:rrmz?

signatmre of the T-f3, the TP ¢ anner w.s positicned irn tio )
test cell and airod 2t the exhaust plum~. For these yurns th-
auarers oy tul war rolled bask ool of the way to alicw f
plure teo fally Adevelor

The CRTF-E software with the IR system was programmed t-
averade ter:n irages three times during each run conditinn., A°
the same tipe the HFE DAY was run with an abridaged versicr of
"TEPRTKY Yo oreccor P T, , and T,,.. Appendix F was usod £o1

.

gquidai~e rnring the short run period.




IV. RESULTS AND DISCUSSION

A. NO, REDUCTION STUDIES

Showr in Takle TI is a synopsis of the NO, reduction run
using vermiculite. Appendix D contains the computer output
for each date run. NAPC 4 was used for all runs.

TABLE IV NO, REDUCTION SUMMARY

|
Farameter Run 1 Run 2 Rur. 23 i
X . s . . R |
f cataiyst Vermiculite Vermiculite Plain
| usec A-6 coated coated with vermiculite
! with 20% wt 20% wt E0-50 mix - |
: thicurea thiouresz ¢ and coarse 1
bed derth 6 6 1¢ g
if:.) {
| bed screern 16 18 42
‘ spacing }
(ir ) ;
{ . . |
‘ space 185,7¢0 hr- G, 0CC ho” 43,000 hr™
' velocity ;
o 2.2% 2.21 2.1%
{lbm/sec)
bl c.C1¢ 0.018 C.Ci¢&
v, 25.7 13.2 15.8
(frv/zeC)
precs. losce 34 306 32
{(in. H.0)
k¥ 0.5 no AR, mass no AR, mass
lost lest
Tl 304 943 928
(dea. E)
T, 1655 1700 1731
(cdexs . F)
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twe in. H,0 can invalidate the test results. When the space
velocity 1s reduced, the pressure loss will be reduced =&
certain extent, however, not entirely. The rough shaped
vermiculite tends to become packed and block the flow for any
bed thickness.

In order tc¢ achieve the high reductions obtained in other
studies 1t 1s necessary to coat the vermiculite with =z
chermical containing ammonia. The cost ¢f the thiourea (which
has given upr tc 98¢ NI, reduc.ion) 1is quite high whern
rurchased in the quantities needed for a test cell. A 2 Kg

box cost $£5(.

B. ADDITIVE STUDIES

The additive testing occurred after the NC, testing.
Curing the additive studies the T-63 was reconfigured for
maximum soot production by installing the quench, reducinc
rain air pressure to 600 psi and connecting the window purae
gas. Two data runs were made with the augmentor tube removed,
adcditive pumps incstalled and calibrated, IR camera positioned,

aser installed. In both runs all parameters were kept the

bt

and
same with the exception of the additive. The following
effects of the additives were measured: plume opacity (socot
concentration assuming D;, constant), burner efficiency, and

temperature distribution within the exhaust plume. NAPC 3 fuel

wac used for all runs.
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1. Plume Opacity

Data were taken in accordance with Appendix E.
Transmittance output 1is shown in Appendix D. For both
additives, 100% transmittance was taken after the fuel was
shut off, but while the vurge and main air flows were on.

The Wynn’s additive 15/590 had no effect on the
transmittance through the combustor of the T-63 when used at
the recommended rate of 22.5 ml/gal, or 0.6% by volume.

The Catane TM (ferrocene) has been studied previously
in the present lab and has proven effective in reducing the
mass concentration of the soot. 1In the present installation,
using NAPC 3 fuel, the Catane TM reduced the sooting by €.2%
when used at the rate of 26.5 ml/gal.

2. Burner Efficiency

It was realized that burner efficiency is very high in
most gas turbine combustors o¢perating at high pressure.
However, liquid fueled ramjets do not operate at such high
pressures or combustion efficiencies. The T-63 operates at
typical ramjet pressure. There was some question that with a
reduction in soot there might be some increase in the heat
released. Further, the Wynn’s Co. had provided a body of data
which showed that 2-3% increase in fuel efficiency was
obtained when the 15/590 was used in diesel powered trucks.

The equation for sonically choked flow,
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1
* = CD PC Ath\l ( 2 ) y-1

g VRT, N ¥+1

becomes for a given engine in which ¥y and R are essentially

constant,

In the present tests, P. and T. were measured at the entrance

)

~ m
(O

-

i

tc the exhaust nozzle (P. a

c ex‘_) .

The data for a test conditions were averaged and k
was calculated. This wzs done for all conditions and the k
values compared. Table V summarizes the resuilt.

TABLE V EFFICIENCY RESULTS

Condition m Tex: °R P. (psi) k
(lbm/sec) measured calculated

w/0o 1.94 1625 98.6 1.26%
Catane

w Catane 1.925 1586 97.0 1.265
w/0 1.922 1582 97.9 1.281
15/590

w 15/5%0 1.90¢ 1595 97.5 1.281
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From Table V it can be seen from the essentially
unchanged values of k with either additive, that there was no
increase in efficiency as defined by measured P, and T..

3. Infrared Signature Studies

The exhaust plume thermal distributions obtained for
the four conditions shown in Table VI are presented in Figures
11-14. It was observed that the temperature at the nozzle
exhaust (M=1) had maximum values of approximately 233°C. This
would imply nozzle inlet stagnation temperatures of

approximately 275°C.
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The temperature measured at the nozzle entrance, T,;,
was higher than the value expected. It was surmised that the
thermocoupie was located in a hot recirculation zone and
yielded abnormally high temperatures. Using an energy balance
for the combustor and quench air flows an average "T.,," could
be calculated. This yielded a lower "effective" T,,,, but
still not as 1low as expected from the plume temperature
measurement. It was noted following every run that the
combustcr was gquite hot, in fact it frequently glowed dull red
during a@ run. These heat losses are believed to account for
much of the lower than expected plume temperatures. In
addition, the exact emissivity of the gas could not be set in
the Agema system. This variance from the correct value 1is
discussed below and caused the temperatures read from the IR
system to be somewhat low.

Although every effort was made to maintain steady
flow rates during the run, there were small changes in the air
and fuel flows during the approximately five minute run.
These were probably due to temperature changes and pressure
regulator drifts. These changes in fuel-air ratio (f) can be
seen in Appendix D. In order to properly compare the plume
temperatures obtained with and without the additive, a
correction was required to put them on the same f basis. An
equilibrium adiabatic combustion code was used [Ref. 17].
Micro NewPEP was run several times using JP4 with values of £

arcund the values actually observed. This gave the approximate
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theoretical temperature at the throat of the choked exhaust
nozzle. Approximate values of A T/ A f were then generated
tc provide corrections of the measured temperature data to the
same valve of f.

The IR pictures generated were analyzed with the
spotmeter function at the same pixel location of the image,
beth with and without the additive. The locatious:: chosen was
the throat of the converging exhaust nozzle. The differenccs

were calculated and are summarized in Takle V.

TABRLE VI SUMMARY OF IR MEASUREMENTS

Condition f Tpx °C Texz °C T" °C,
Fig. No. IR camera
w/0 Catane 0.0171 475 521 233
Fig. 13

Catane TM 0.0163 458 504 223
Fig. 14

A T °C +10
(T'w/0-T'w)

measured

A T °C for +26
same f,

expected

38




Condition f Toix °C Texs °C T °C,
Fig. Nc. IR camera
w/o0 15/590 £0.0169 456 5C5 229
Fig. 15

15/590 Fig. 0.017 460 511 226
16

AT °C +3
(T'w/0-T w)
measured

A T °C +3
for same £,

exnpected

The emissiviiy of the exhaust plume must be known for
exact temperatures tc¢ be displayed on the image. The
emissivities of CO, and H,0 are each approximately 0.06 for a
4 in. diameter nozzle at 1000°F [Ref. 17]. However, the Agema
system can not be set below 0.1. Using 0.06 would further
increase the measured temperature of the plume to values
closer to the values expected from the nozzle flow. There
are, of course, many other species 1in the exhaust plume.
However, they are weak emitters.

In the run with the Catane additive, it was expected

that the temperature would decrease from 233° C to 207° C for
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the conditions without the additive, based on the changes in
f alone. However, 1t was measured that the temperature
Jdecreased to only 223° C. Therefore, when the data were
corrected to th same f value, the plume IR signature actually
increased slightly.

The temperatures for the Wynn’s 15/590 tests were
expected to remain almost constant for the condition with the
additive, based on changes in f alone. Yet, the measurements
showed that the temperature decreased slightly (3° C). These
slight changes were within the reaim ¢f data uncertainty and
there was considered to ke no significant change in the plume

thermal distribution.
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V. CONCLUSIONS AND RECOMMENDATIONS

A. NO, REDUCTION

With the pressure loss experienced in the present work,
and by Behrens, it can be concluded that vermiculite in the
ferm utilized will not be effective in reducing the NC,
emissions from US Navy c¢r US R2ir Force test cells. In

additior, much larger surface areas will be required with

t

extensive modification to the existing structures. If the
vermiculite could be formed into a honeycomb shape it might be
pcssikble tou reduce the pressure loss. There is still the
prcblem of reducing the space velocity in order to increase
the NC, reduction effectiveness., Even a SCR system will

reguire enlargement of thc augmentor tube to accommodate the

S£2

increased vclume of the catalyst bed. Future effort might be
directed at developing a larger catalyst bed with custor-
fcrmed large size vermiculite. The effectiveness and amcunrt

of lip frem a SCR system should be investigated under

n

military test cell applications.

B. ADDITIVE STUDIES
In the T-63 combustor, the Wynn’s 15/590 was ineffective

in reducing the soot. It also had no effect on the efficiency
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of the combustcr. This was nct entirely unexpected sirice tro
efficiency of this combustor was alreaay guite high.
Wher. all factors such as heat losses and emisgsivity

correcticns are taken into account, the Agema IR Imagcing

o

ystem can give accurate nonintrusive measurements of je

xhaust stream thermal distributions.

&)

Neither of the additives tested were effective in reducing
the IR signature nf a ramijet type exhaust plume. It :is

recommended that further study be carried cut to investigate

N
cfr
<

t

8

[

the effects of different fuels and different additive m

ratios ¢n the plume IR signature.
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APPENDIX A

"TC3NOX" Computer program

1 PReT AEESI0 5 JRN 199E
o PRINIEE I %
3 P18 COMECSTOR DATA ACJUISITION ANE REDUCTICH PRUGRA-
47 I THIS FROGRe™ IS DIVIDED INTC FIVE PARTE:
N ; (1) VARIABRLE DEFINITIONS AND MOHENCLATURE
3 : (2) TRANGDUCER CALIBRATIONS
70 | (37 FLDW CHECKS AND NDZZLE CALCULATIONS
gl | {4) THT TEST SEQUENCE AND DATA COLLECTION
Fe ' {5) PCST-RUN QFERATIONS, DATA REDUCTION AND SHUTDOWM
e B I R R et C I st 2222220t INIeINE s Rt s AN
115 1) VARIAELE DEFINITIONS AMD NOHENCLATURE
120 PR RO R Y X RO OO OO R N R O RN YN N7 P F a7 0 YA
130 1V SydRx DEFINITION
140 A ANALDG CHAMNEL NUMELR
123 U Afir THROAT AREA,AIR FLOW SOVIC CHOYE, SQ. ib,
(60 1 THROAT AREA REETER FUEL SDNIC EHﬁKE, 8L 1
170 b fne THROAT AREA, HEATER CXVGEN SONIC CHORE, 53.3%.
1T g EYPASS AIR FLOMRATE
15y sy DISCHARGE COEFFICIENT, AIR SOMIC CHONE
el b [gne DISCHARGE CCEFFICIEMT, HEATER FULL SQNIC (D ¢
¢l b [dhe BISCHARSE COEFFICIENT, HTATER 02 50MIC DMt
coo b Laircneke &IR SONIC CHOKE DIfMtiER
2i b Dopohoke BYPASS AIR SONIC CHOKE DIANETER
241 Darst Test Late Mo-Fap-Tr
col b Dhfchgie AIR HEATER FUTL SONIC CHOXE DIAMTIZR
2kt 1 Dhechiks RIR HEATER DXYGEN SOMIC CHORE DIAMITSR
270 Faelict FUSL IDEMTIFICAHTION
cel L 317
v Geslome
I 0 hkesrerfuel HEATER FUEL IDENTIFICATIOM
R H
200 krars AIR SONIC CHOVE FLOU RATE CONSTANT
I 0 Ysfysd FUEL FLO¥ METER RATE CONSTANT (GERJVDLT
o HEATER FUEL SONIC CHOKE FLOW RATE CONSTHT
Koo g [R (2 80K 1 [y RATE CONSTAL T
i o LTS A e
Kayr ATE FLOW RATE, LBM/SEC
Mair? PESIRED AIR FLOW RATE, LEN/GET
Miye, FUEL FLOk RATE, GFh
Feunid DESTREID FUEL FLOW RATE, GPE
T HEATER FUEL FLOW RATE, LEM/SIC
M-ty DESIFED HEATER FUTL FLOK FalE LBM/CEE
| del HEATER OXYGEN FLOW RATE, LBH/SEC
Bhod DESIKED HEATER OXYGEN FLOW RATE, LEM/SEC
Fs PRESSURE, AIP SONIC [HOYZ, PSI/A
Prira PRESSIRD, BYPASS AIR SUNIf CHOKE, PEIA
Pta EﬁROrETRiC PRESGURE, PSIA
fr PRESSURE, CGHBUSTIU& CHAPRER, PSIA
Fhf PRESCURE, HEATER FUEL SCNIC ﬁHOKE FETF
Foe PPESSURE, HEATER OXYGEN SOWIC CHGQE, PEIA

TEKPERATURE, AIF SONIC CHDKE* R

TENPERATURE, BYPASS AIR SCHIC CHOKE R
TEXPERATURE, AUGMENTOR TURE UPETREAR CaTALYZT ¥
TEXPERATURE, AUGKENTOR TURS DOWNSTREAY CATALYEY, F

exirr TEST I.D K
Tr TENFERATUFE, HEATER FUEL SONIC CHOKE ?
T TENFERATURE, PEATCF D3 SONIC CHOKE, F
Teyr TEXPERATURS | COMEUSTOR AIR INLET (FEATER BUTLETS, ¢
Tears TEMPERATURE, CESIPED CONEUSTOR AIF IrilED K
Te:d TESPSRATURE ) COMELSTOR EXHALCT UFSTRESE & goimr. o
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117} 1AL, THERMICOUCLES ARE CHROMEL we . ALUMEL (TVFE KD WLK
130 ELECTHOAIC ICE POINIC, TENFERATURE READINCS (VDLIAGES) AVE
(CCNSERTED 10 DEGREES RANKINE (R) PER *INDUSTRIAL IMCTRUMENTATION® &
ei I[P ECKEAN (PAGE 260), THIS CALCULATION I5 PERFCRMEL Ih SUBROUTINE
T4 iTcalc. TEN UOLTASE DITERVALS ARE USED BETWEEN 460 AND 2460 k.
0o FRINT USING B
o PRINT USIND "B/
30 INPUT "WILL THE AURMENTOR TURE BE USED? (Y/H)™,Augd o
16 IF fucd="Y' THEN fegsl i
47 IF Augb=N" THEN Aug=t
2 FRI'T USING "8

ot b oa s et h bk o o ea bk P
T T S S S A A

£r PRINT LSING *8/°
= INTUT "RILL THE AIR HEATER BE USED? (YANOT, 11
PrOIF Zz#=°Y* THEK Hi=zi,
50 IF Z1:8="N" THEN Hi=D.
60 PRINT USING "8°
10 PRINT USING 877
e <§Niq1 J; U YOU USE PRE-INITIALIZED YALUES OF CALIERATION COMSTANTS AND IE
S IF 214 "Y'OTHEN GOT0 Initial
St G0Y0 Trarsca
1078 Tealey
5;@ 'lli’xiiif!X{iill!**lk!*lx!f!!*l!!l!*i(ll!{ l!*i*XXX*l{X!!X{¥¥¥X¥¥’!!Yi

- e A et e O

Y w¥aydLTAGE TO TEMPERATURE (RANKINE) CONVERSION SURROUTINE 2¥¥

53f EIEE S Xfl!ll!)!*)l‘*x*x*xk**l*l*iil}XXxl!!xllixXXiXXl*{*!T{*!KiXxvfyl"
o5 IF Voles(, 00153 THEN T=({Volts+ G005E)/.00002 2 +450 )
g1 1F ‘0 t5)=, 00153 ARD Velts(, 302 5 THEN T=((Volts-.00153)/, 000003
IRENE

£1 IF Yoltz)=. 30282 AND Velts(, 60609 THEN T=({Valts-. 203221 PR IR

IF yalts)=.00507 AND Volts{.DEE3Y THEN T=({Yslts-.00609) /. 005022
TF Yoits)=. D08 AMD Velts(. 01055 THIN T=({Vslts-.00831)/. 000002
IF Yoltsr=.01056 AND Volts(.§1285 THEN T=({Vplts-.61056)/, 000022
17 Yolts)=. 017295 AMD Veltz{. 01518 THEN T={{Volts-.01285)/.000823

5 Yolts)=. 01518 AND Wolts{, 31732 THEN T={(Yolts- 11315/, 002027

. P e Al e R A L

) IF Jolts)=. 00752 AND Volts(. 01923 THEN T=((Velts-, 015181/, 000823

i IF Usits)=. 01728 AKD Volte{. 32225 THEN T=((Valte-,01988)/, 000823

ié’ N IF Vplts)=. 02225 AHD Volts(.07463 THEN T=((Volts-,02225)7,000073

iii%;:i TF Volrs)=, 02463 AND Volts(, 02692 THEN T=((Volts-.02453)/, 006523

il IF Uslts)=, 02678 AL Velts(, 15732 TMEN T=({Volts-.02698)/ 906123

{%éQ;:; IF voles)=, (2532 AND Valts(.03165 THEN T=((Volts-.02532)/ 060123
e IF voltsy=. 03165 AND Volts(.03393 THEN T=({U-"ts~.03165)/,000022
Ziﬁi;; IF Wolts)=. 03397 AND Unlts(, 23617 THEN T=((Vpits-.03193)/.000022
;

Jé’ IF Veltz)=.03619 AND Yolts{, J3BAT THEN T={(Volts-. 036190/, 000822
g Ual1s)=, 0304 AND Volts(, 04052 THEN T=((Volts- 03843)/. 0005
Yoltsi=, 04062 AND Volts(, 04272 THEN T=((Volts- 34062)/.05002)
Ysleai=, 04272 WD Volts!, 24471 THEN T=(:Velrs-. 042787, 090020
drltsd=, 04391 THEN T=((Volts-.04272/.0000216)+2480
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1620 Teztnod="KUETY!

1348 Datet="3-01-78"

1520 Frelids="harga”

1800 Hesterfysi$="HYDRILER™

1871 Vpal= (017222

1380 ¥pa=1334E 37

1870 Ungl=- 17650

1900 Foc= h

PS10 Uphe

1250 Wk

55.s

{940 Koh

1926 Kmfy

1950 TYranzcal, o

e 3:; XV"‘xtﬁfafi;:X{Xx'Xi(‘)X‘Xiiilli*!*¥*¥li*¥¥1X¥1X&111X¥)XinX?iixz<;
17l : TRANSDUCEE CALTERATION

125¢ |X:X!Xiiii* **xaxxxxt*xxtxxxvaxx**f**xx«xx%*xxta;xxzaxX)xX§1xxax~>Vx.1:
2060 ITHSRE ARE 4 PREGSURE TRANS PHCEPC THAT MUST P' (hL;dnA

cith 5TEANSDUEES LINCARITY MUST BE VERIFIED BEFCRE TH;3

Zich !CALIERLIIBN PROCEGURE IS5 EVPLD.ED THE [°DEP 07 CAUTFRATICN 1% 4%
203 WFILLOES, P, P, FRE, Phg

KUEL: ';TE, —D‘Lﬂux‘a 120 LINL: SET UR 722 AND 769 SOR DATA ACGUIGITICY
20al IELEAR T8

250 CLEAR T7d

2L REMOE 707

2026 DUTPUT 722 "LIRISTNIII0TITASRY"

Zi7 Ih“l‘ "“[ 104 UA&T 10 CAL frATE TRANZDULEFRS? (Y/H: 7)Y vs

230 IF Yyf="N" THIM GDTD Endc

e INFUT "LE 70U WANT CONSE C”’I”E DEDCR OF CALTBRATIOUR(V/NT T Yy
2.2 Ir {X’ "Y"OTHEY GOTO Consec

120 TP "D3 YOU BANT 0 PECALI&RQTE Fat (y/t)" Ve

cnal IF 1»3‘ YU OTHEN G070 Facs

ZiTh FRIET USINS “g°

Jieh Feo !

Si7e  INPUT "D VGU WANT TC RECALIERATE o7 (a/tiy* Tyt

cict If Yy7=“r" THEN GCTU Freal

SiF¢ PRIMT USING “BY

cote IE ezl THEH GIT0 Endezl

INFT L0 YOU WENT T RECALIRRATE Pof2 (¥/1)7 ot
IF yyt="y® THEA G070 PHACs
Prd Usis "

Ebhae !
INFLT D2 YOU WANT T0 RECALIERATE Fhol 4Y/N" Yyt
IF Yed="y" THEM GATD Phocal
G210 Endral
Consa: !
Cens=i
Pacai: !

RGO (0 X O OO RS U OO L O NN XK YK H
PEINT yaIng "o/
PRINT “¥x CALIERATION OF Pa, THE AIR SONIC CHOXE PRESSURE TRANSRUCER¥«”
PRINT USIG "2/
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=0

RESS U R £ oXExer
LT "IRSURE THAT NG PRESSURE 15 4

PR A N A KN RN XA A XX X O R Ay v v gyysysy
PRINT LSIRG B"

PRINT “XxCALIERATION 0 P, THE T43 CHANETR PRECSLOE TRANSHLIE::
P;E"f*xx?¥{ )‘lX'{xlXilil(XlYX!YXX)K!Yi)‘XX {)YlXXXl!X)*lXX:EiYX'!X‘t'!)
Libial

< :

Z 43

Sl PR | £ FLIEL TG THE TRAMNSDYCER'
2463 DISF "WIT CORTINUE WHEN READT 70 TGKE ZERD READING"
2430 pAISE

c420 REXliEt 70T

2431 QUTRLY FLRLMAIZAT

e LI TR

2300 QUIRLT T T

2465 ENTER T8 q

2478 TEIMY

Zadf FELP

287G INfY (A 1ot

;;CC IF 2 G oFafgel

251 Pangy

Z FRIN

< PRIN CALIER

4 FRINT "AF F:. FA}Iﬁl CRESSUR JESTERS
35t INFUT CENTER THD sAYIsUM PRE

cotf  LIZF "HIT CONTIMUE WHEK FEADS

Y TS

2380 REMOIC 70¢

2590 OUTpUT 709, ACzet

R0y LRMIT 2

e1E TRyt

2ecl ENIER

2t30 PRI vpanat, Pasaxs T Famza
2530 KpazfParax)/Npamax-Vpal)

2835 FRINT “kpe= "jhpe

JeLD RECE

2874 INPUT CREADIRG DY (/Y I:d

cEElJF Zr%="N" THEM LOT0 Parsacal

257 IF Cons=1 THEN G070 Fecsl)

2l Feealr !

cid

27

273

~3)

o I T

ol

2768 PRINT "xxxx IfRD PRESSURE xxxx”
c77a PRINT "INSURE TRAT NG PFESSURE IS APPLIEL TO THE TRANSMICER
2720 LIST "HIT CONTINUE WHEN READY"
2790 PAyIE

2300 REMDIE 763

2Bl QUTPUT 709, "AC22”

2224 WalT 2

2520 QUTRUT 72

2240 fhTRER 7oz

2820 PRIKT "\p
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2Ubi FEEP

2876 TNPUT "READIMG OLY  (Y/NY', 7128
2820 TF Zg8="N' THEN GOTO Peilcal
2370 Pemaxcal: !

2900 PRINT USING "B"

710 PRINT ° axxx CALIERATION  #xxx

ChOPRINT UAPPLY THE MAYIMUM PRECSUFE USING DEAD-MEICHT TEETER"®
37D TUU CRNTER THE MAXTMUM SRESSUPE IN psig”,Perax
J40  LJSP “HTOLLTONUE WHEN READYC
SO0 FAUSE
560 RERCTE 705
700 QUTRHT 707, "A022
GEL OMAIT 2
720 OQUTPUT 72,0710
Goh ENTER 725 Uncnes
017 PRINT “"Vpcwas=")Ypcmax, "Fomax=";Prmst
02t Kpr=Pemax/(Vpzmax-tpch!
130 PRINT "Kpo= Tikpe
40 BFEF
30 INPUT UREADING O¥% (Y/h)' 713
S0 JF 778="i" THIK GOTO Prmaxcal

IF Hr=0. THEN GOTO Fincal
IF Cers=) THEN GOTO Phfcal
LOTE Phi
Pricel!
DR A T A X OO X RO X N XA N A SNy v yavvs s
PEINT USING "6
PRINT "#xTALIERATION OF 2h{ | THE T&3 AIR HEATER FUEL TRANSDULIC sy
T D T B g T e T L L I L T T TR L IET
nfleal:
PRINT  x¥xxZERQ PREGSURTxwGx"
SINT "INSURE THAT NO PRESSURE IS ASFLIEL TO THE TRANSHUTER
DISP "HIT CONTINUE WHEM READY
AUEE
REMBIE 719
CUTRUT 709, nC2z"

o >

s € EWY IO U g L e S gy

STy R E s D Oy G D Tt €50 g OF €TI0 ey LN € iy €7D oy £3 e DD oy Dy L3 oy € 10
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LTIER QUTIC N oS | S A PN RGN N A R G N B R e gty f

LN
4§ ENTES
hoFRlN
Th)OPEEF
RV T STAVEVAE:
200 W it it Fhitcal
3270 Fhisasc
KRN -
i ! LEAT OHuxes
13z MaXIFUs PRESSURE USING DEAL-WEICHT TESTER
21 i £ MAXIMUM PRESSLPE IN psig",Phirsx
Jrer T {UE WHENW RE&DY”
30§
I REMCT
g oy
2190 AT 2
3375 0uTOUT 722,717
407 EMTER 722:Uphinas
3410 PRINT “Vphfmax="iVpiimax, FhEnix=";Phfmsx

3420 Kphf=Phiran/{Vohfrax-Vpad 0

J41) PRINT "Hphf="Kph!

J§40 PEEF

2850 INPUT CREADING QW2 (Y/N)" 11t

Ja50 IF 71%="N" THEK GGTO Fhimaxcal

1470 IF Cons=1 THEW GOTN Phocal

3430 GO0 Fno

3490 Fhocal:!

3900 DRI R AN OO R R R R OO N RO R RN R Y A NN gy
2910 PRINT USING m@

320 PRINT "waCALIRFATION OF Php, THE AIR HEATER OXYGEM PRESSURE TRANSDUCERwy”
RS !!ax}laixxxXixx;*x1xxxxx!xx§!axxxxixxixx*xxaxxxxxxyx&lx;aaixxxxxxxyxxyrxir
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4245 Ta:]

425)  Velts=Vn

scaf GOSUE Tealc

ST TamneT

4289 Marr=RrairxCdairxFgx, 7854x(Dairchoke®21/(Ta”.5)
42¢¢ Pﬁcxr’Kn31rxfga1 tFa¥, 78545 (Dbpchoker2) /(T35

INT USING
315 PRINT USING "3A 2%,DDD.DODD®, "Mair=";Mair
4320 PRINT USING '14& dho.DER" *Hair DESIAZD=";Haire
433 PRatiazHMair/Maird
4347 PxIVT USING 204,D.0DD,2X,3A, 1Y, DDBE.D, 14, 1K, 38" "Mair /LESIRED matr="

T o AEDipat
3P 1N. JSING "6#,2X,DDD.DDUL"; "EPair=";Bpair
4386 PgsFa-Poar

L

ig

476 PRI USING ©48,5000.0,807; 2% =00y ,_
JEHY (Y s

£320 PRINT USIMG &% DDLL, L3 Te =
4330 INFUT 1S AR TLON RATE ACCURATE EM
44T IF Xyt="Y" THEM GOTG Frerun

4411  Panews Fa¥Haxrd ‘¥air)-thar

436 PRINT "RESET 13 10" Fanaw; "Psis’
433; E‘n "HIT COMTINUE AFTER RESET OF 2a°
2420 PRISF

-t

’1"0

g
0

0 WART PRINTCUT DF PRE-RUN DATAICY/M:" Xut
gl 755 CLTC Prearint
Tnt

¥ixy PRE-RUN DATA, USTHG AR QMY xxx”

tilated
'38,DUDD,D 687 "Pa=" 5. Psis’
=¥ N LS 36 PODLDAAT "Tean=" Ton, T R ,
2570 FRINT USIMG "5&,D.EDD$,11A', “ax"',naxr,‘ (Lbn/sec)
4338 PRIMT USING “SQ,D.DDDD,}lﬁ";"Br ir="ykpair, " (ibm/sec)”

370 PRINTER 1§ 1
i

a0l 3k r[rL‘.;

$510 DIERTHIT CNTIMUE TO PRACEED 10 AEXT FLOW RATE 38T 77
i T

4530 Pe ;

447 IF dr=1 THEN §0TO 7hosing

56 PRINT LSING e

J650 INFUT "DC YRy WeNT TO PRESET THE HEATER FUEL FLOY RATED (Y07, Id
4550 TF 714="N* THEL LOTO Phfskip

Al LR R R Y RN XN R XX A RN RN X F M RN Ky
4:5¢ PRINT "SET THZ DESIRED VALUE OF PRP USING THE HAMD LOADER/PRESSURE Grit”
4700 Xy XS R XN T Y AR R X NN R X AR L AR NN R AN EF LN AN AN G200
4716 TISP "HIT COMTIMUE WHEN READY”

4720 PALSE

4720 Phicet !

4740 FEPAT USING "B

4750 PRINY UMARUALLY TURY QN AIR “HEATER FUEL” SHITCHY

47(0 DISF " BIT CONTIRUE TO FROCEED”

4774 PhALSE

4766 QUTPUT 709, "AC22"

4770 0UTRuT 72'. Ty

00 ENTER 728;0ph

810 OUTPUT 704: raes

420 QUIPUT 722,73

2676 ENTER 722 Utht

4940 ICLEAR 705 A

4250 PRINT "MANUALLY TURN OFF AIZ 'HEATE? FUEL' SWITCH®

29ty PEEP
G0 DLSE HIT CONTINUE 10 PROCEEY”

429 Phl (Uphf- Vphf ) #¥phf+Phar
431§ 8011'““?h

471 Tealc
A0 gk
454 fhf:ﬁﬁhf*rd“fl?hff.7834Y(Eﬁechoke'2)/(khf‘.5)
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7 lene e
35,00 DDIDD" { HhT =tk
"1°A DD.DLLDL; "Mhi DESIREL=";Khed

“A D.DDZ,2X,4A,DDDD. DD, 14", "Hhi/ Hhf DESIFED=";Fatie,"Thi="

T B

T, SO

r
% 'SA,DDDD.DDB, 4A, 3%, 44, DDBD. DD, 14,48, D0DE. DD, 14", "Phe= * Fg, 7
SEATER FLEL FLCY RATE ACCURATE ENDUED CI/K" it
ic)
[

E]
—

3 gy et
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T
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e

: GOTO PHELs

FAEST /M PE e _
"3 DOLE. IL,487%; RESET Fhf T0"iPhinew;"Fsi”
CONTINlE AFTEP RERCT OF ;rev

el -
prd

- T I ey T,
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Ay x

Al

r

LI CONTINUE TO PRGCEED 70 MEXT FLOW FATE SET i

-0
=
-

pp m U’ r.
Iut Cha ,GW w PT T0 PREEET THE HEATER OXYGEN FLOW RATEXIVN:" Z:%
IF Z1%="K" THEN CGCTC Fhoskip
TN YR PR R R N R R AT YR AN AR RN R RN
PRINT "SET ide DESIRED VALUE OF Pho USING THT +AND LODADER/PRESSUFE Gr127
RN EE N YR N A EN AN AL E RN OO R RN N AN AR AN Y AR RO RAN LAV e L
Fhezatd

(:
i
it
3
%
i
{t

S3ers

Sl e i et e aa
)

EE RS T o

1% "HEATER QuYGEM' SWITCH'
LEEDRY

oLomArTY
15 Akki

TER 722
1y

1 Al UALL\ TURN OFF AIR CHZATER 2XYGENT
"HIT CONTINGE 7O PROCEEDT

Wi

51

fuins
=
[_

Fria= \kohn Upﬁoﬂ Ypphotfbar
U(lt'*“
SR Tca c
a”( 1
Phoz=krhoxldhedrhio%, 7854%{Dhpchoke 2)/{The", 5}
PRINT USING "E"
FRIIT USING "4A£DD DEIDI“-'Hna="-Hhc
PEINT USING '18H,DD DDIDL™; "Fha LESIEED=';thC
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APPENDIX B
Run Checklist

TEQ
TES

-

CELL % 1

i~

3

Ensure yellow and tcp blue air valves in the seolid fuel

po

rerjet cel. are closed.

2. Open lower blue valve (opens air line to Test Cell #2 cor

** liote ** A+ least one valve should be open at all times

from the main air line to ensure an ailr vent in the event c¢f

v BOTTLE RCOM

rully open the contrel rcom nitrogen bottle. Ensure th

-

[

o1l

(4
T

ere is at least 1000 psi.

Filly open actuator nitrogen bottle. Ensure that there 1is

fu

© ieast 500 psi availsbie.
COWNTROL ROOK

Ensure AC master switch is on and the red covered main air
switch 1s closed on tnae sulid fuel ramjet control panel.

2. Ensure the air flow set pressure is zero.

3. Ensure the T-63 combustion chamber safety thermocouple is

irzralled and operating.

P =
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4. Ensure the fuel tank set pressure (gauge on panel) is less
than 500 psi.

FUEL STORAGE ROOM

1. Open nitrogen bottle valve (need at least 400 psi more

pressure availakle in the Dbottle than the desired fuel
line/tank pressure, or 900 psi minimum).

2. Adjust hand lcader to read 700 psi.

3. Slowly open the nitrogen gas supply valve located behincd
the fuel tank near th: wall.

4. Slowly open the fuel line valve from the bottom o©f the

tanx.

QUTSIDE/CONTROL ROOM

1. Open main air plug valve to full open {(minimum of 2500 psi
reguired for a run).

2. Ensure all thermocouples are turned on (if required) and
pressure transducers and tubing are secure at the test stand.
3. The heated sample line temperature control box should be
set to 275 deg.F and the gas analyzers in the control room
should be up and operating. The three main power switches for
the electronic equipment racks should ke ON.

4. Load and run the "T63NOX" computer program on the HP
microcomputer. The pressure transducers should now be
calibrated if not already done. Enter the appropriate zeros

and constants in the program.
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5. Set the main air pressure to 600 psi using the hand
loader.

€. Set the fuel pressure to 500 psi using the hand loader.
7. Go though the flow rate set procedures in accordance with
the computer program.

8. Ensure the printer is "on-line".

g. Check for personnel near the cell and for golfers.
Activate the exterior warning horn an check main air flow rate

when cued by the computer.

1¢G. Check that safety key Nc. 3 is inserted and enavled.
11. Turn on the siren.
1z, Start strip chart recorder and mark zero/ambient

conditions.
13. Signel for start of purge nitrogen.

14. Activate main air CN.

n

Simultaneously, activate the toggled engine ignitor and
fuel switch. Check desired fuel flow rate (0.33 GPM). Watch
for hot or wet start by visually observing exhaust smoke at
riz and monitcr the digital combustion chamber safety
temperature readout (commence shutdown if temperature reaches
1380 deg. F).

1€. When steady-state operation is reached, begin traversing
the Kiel probe in the augmentor tube and obtain analyzer
measurements.

17. Wwhile at steady operation collect data with the HP

microcomputer and from the gas analysis equipment.
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18. After data is gathered, switch fuel OFF. Leave main air
on until engine and augmentor tube are ccol.

19. Turn main air CFF, record run time, and calculate fuel
used during run. Update fuel board in fuel storage room.
20. Isolate fuel tank with valves and bleed excess fuel in
lines with fuel switch activation.

21. Close main air valve outside.

22. Vent fuel tank from control panel if desired and close
fuel tank nitrogen bottle.

23. Bleed remaining air heater and torch gases from lines and
vent with remaining main air in lines. Back off pressure
loaders to zero in the control room.

24. Secure analyzers, complete shutdown, and reduce data.
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APPENDIX C

as Analyzer Checklist
Two Hours Prior
1. Turn on the Power to Model 900. It is not necessary to
run any pumps at this time. When the heater has brought the
unit up to temperature the tewp cycle light will extinguish.
One Hour Pricr
1. Turn on the Model 10AR power and ozone switch.
2. Turn on the Model 900 pump switch.
3. Plug 1in the vacuum pumps for the Mocdel 10 and Model 90C
(behind the cabinet on the floor).
4. Plug in the vacuum pump for the Model 900 mounted to the
back of the unit.
5. Turn on the dilution gas to approximate one psi. This gas
can be compressed ambient air.
€. Turn on G, for Model 10AR to 10 psi.

7. Expected readings on Model 900:

Chamber vacuum 23" Hg
Sample vacuum 10" Hg
Flow meter inside 1.8

Temp inside 175 deg F

Expected readings on Model 10:
Converter 650 deg C

Bypass 2.25 SCFH




Sample 5" Hg

Reaction chamber 29.5"Hg

0, press inside 2 psi
30 Minutes Prior
1. Turn on Model 48.
2. Turn on NO, span gas to 3 psi an (.8 SCFH and connect to
span port of Model 900. Switch Model 900 to span. Note
reading and adjust calibration to obtain exact concentration
of span aas divided by 20.
3. Secure span gas and switch Model 900 back to sample and
note Model 10 returns to zero.

4. Verify gas sample switch in test cell with air pressure.
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APPENDIX D
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Min:Sec

00:

00

00:
00:
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03:
04:
04:3
04:5

05:

)

:02

05

APPENDIX E

TIMELINE FOR T-63 ADDITIVE TESTING

Event

Purge air ON

Strip chart ON

Main air ON

Fuel ON

Ignitor ON

Engine light off (approx. 1200 F (.33 GPM)
Check laser GO/NOGO Mark strip chart
Adjust view from IR camera if necessary
Operate at steady state no additive
Take hot run data HP and IR

Turn additive pumps ON

Mark strip chart

Take hct run data HP and IR

Turn additive pumps OFF

Mark strip chart

Take hot run data HP and IR

Secure fuel

Mark strip chart air only

Secure air

Secure purge/strip chart
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